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Abstract
Through far-infrared studies of La2−x Srx CuO4 single crystals for x = 0.063,
0.07, 0.09, and 0.11, we found that only ∼0.2% of the total holes participated in
the nearly dissipationless normal state charge transport and superconductivity.
We have also observed characteristic collective modes at ω ∼ 18 and 22 cm−1
due to the bound carriers in an electronic lattice (EL) state, and the free carriers
are massively screened by the EL. Our findings lead us to propose a composite
picture of the charge system where the free carriers are coupled to and riding on
the EL. This unique composite system of charge carriers may provide further
insights into the understanding of the cuprate physics.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
The superconductivity with high transition temperature (Tc) in copper-oxide-based compounds
(cuprates) is one of the most puzzling problems in physics. More than one and a half decades
after the discovery of superconductivity in cuprates, while substantial progress has been made,
the underlying physics, especially the mechanism that leads to the high Tc, remains highly
controversial. Therefore, it is legitimate to question whether some fundamental building blocks
on which we have built our understanding of cuprate physics are incomplete or simply missing.
In particular, we have examined the validity of the overwhelming single-component treatment,
both theoretically and experimentally, of the doping-induced excess carriers (hereafter holes)
in the CuO2 plane. In this report, we wish to establish this missing link by presenting clear
experimental evidence for a unique composite picture of the charge system of cuprates.
1
In the past few years, based on the neutron scattering study of the La2−x−y NdySrx CuO4
system [1], charge and spin stripes have emerged as a possible topology of the charge
inhomogeneity in the CuO2 planes of the superconducting La2−x SrxCuO4 (LSCO). More
recently, based on the observation of the pinned Goldstone modes and the single particle
excitation gap at ∼0.05 eV in the far-infrared (far-IR) studies of the cation and anion co-doped
polycrystalline La1.895Sr0.015CuO4+δ samples at the hole concentration p = 0.063 and 0.07,
the square lattice order with p(4 × 4) and c(2 × 2) symmetries was proposed as a plausible
electronic structure of the bound holes [2, 3]. Other experimental signatures indicating a
square lattice ordering of the holes had been reported in an electron diffraction study of
La1.875Ba0.125CuO4 [4] and in a transmission electron microscopy study of the La2CuO4+δ
system [5].
Most recently, the detailed ac susceptibility studies of the La2−x Srx CuO4+δ system under
high pressure showed evidence for an intrinsic electronic phase separation of the holes
into two ‘electronic phases’ that support the superconductivity at two discrete temperatures,
one at ∼15 K and the other at ∼30 K [6]. An electronic phase separation into spin
glass (x ∼ 0.02) and insulating (x = 0) phases was also observed in the lightly doped
(x < 0.02) non-superconducting LSCO single crystals [7]. Indeed, although the topology of
the charge arrangements was not demonstrated, recent direct experimental evidence for charge
inhomogeneities in the CuO2 planes [8–10] seems to be consistent with the above observations.
However, despite the credible presence of the electronic phases whose relevant energy scales
are within the reach of the far-IR probe energies, there has been no self-consistent far-IR single-
crystal work that clearly demonstrates the existence of such electronic phases. Only recently
have some far-IR results interpreted as charge density waves (CDWs) [11] or one-dimensional
charge stripes [12–14] been reported.
In this paper, we report our findings of the far-IR signatures of the composite charge system
of the free and bound holes. Through the in-plane (ab-plane) far-IR studies of a series of LSCO
single crystals, we have observed a screened plasma edge at the frequency (ω) between 15
and 20 cm−1, depending on the doping level. This local minimum in the ab-plane reflectivity
comes from an extremely small free hole density (nF) which is only ∼0.2% of the total holes.
This small fraction of the holes is responsible for the nearly dissipationless normal state charge
transport and superconductivity. We found that these free holes are massively screened by the
rest of the holes condensed into electronic lattices (ELs) in the CuO2 planes.
2. Experimental details
For the measurement of the ab-plane reflectivity we used high quality La2−x Srx CuO4 single
crystals grown by the travelling-solvent floating-zone method with x = 0.063, 0.07, 0.09,
and 0.11. The growth and characterizations of the high quality crystal have been reported
elsewhere [15]. The samples were prepared from pure, subgrain-free large as-grown ingots.
Double-crystal x-ray rocking-curve and Rutherford backscattering spectrometry (RBS) ion
channelling measurements indicated an estimated crystal mosaicity of 0.1◦ and a minimum
RBS-channelling yield of 3.8% for the x = 0.09 crystal [15]. Both the dc resistivity and
Meissner effect measurements of all four crystals are shown in figures 1(a) and (b), respectively.
The sample area was 5 mm in diameter and the angular error from the desired crystal axis was
less than ±1◦.
We measured the reflectivity (R) at a near normal angle of incidence (∼8◦) on the sample.
A Bruker 113v spectrometer was used to cover frequencies (ω) between 10 cm−1 (∼1.2 meV)
and 4000 cm−1 (0.5 eV) for the ab-plane reflectivity. As a reference, we used a gold (Au) mirror
made by depositing Au film on a stainless steel mirror that had been polished under the same
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Figure 1. Plots of (a) the in-plane resisitivity and (b) the field cooled (5 Oe) measurements of
La2−x Srx CuO4 single-crystal samples for x = 0.063, 0.07, 0.09 and 0.11 with applied field along
the c-axis.
conditions as the single-crystal samples. We corrected the measured reflectivity in reference
to the Au mirror by multiplying the absolute reflectivity of the Au film calculated from the
absolute measurement of the surface resistance (rs) of Au via R = 1−4rs [16]. In order to cover
the ω below 30 cm−1, we mounted a 75 µm Mylar beamsplitter and a composite Cu-doped Si
bolometer with 1 cm2 active area operating at 2 K in conjunction with a parabolic light cone with
a 7 mm diameter exit aperture. We controlled the sample temperature by directly monitoring the
temperature (T ) from the backside of the sample. We calculated the real part of the conductivity
σ1(ω) and the real part of the dielectric function ε1(ω) via a Kramers–Kronig transformation
of the measured reflectivity. We found that the asymptotic behaviour of the normal state
reflectivity below 12 cm−1 closely followed the Hagen–Rubens approximation. For high ω
extrapolation above 4000 cm−1 (0.5 eV), we used the data published by Uchida et al [17] for
LSCO single crystals, which are nearly temperature independent and cover ω up to 37 eV.
3. Results and discussions
In figure 2, we present the unsmoothened far-IR ab-plane reflectivities (except for ω 
13 cm−1) of the four single-crystal samples at various T . Overall reflectivity is high for
all samples. As T decreases below 300 K, the R reaches a maximum at ω ∼ 150 cm−1 and
then starts to slowly decrease until it reaches a local minimum at around ω ∼ 20 cm−1 with
decreasing ω. Near the local reflectivity minimum, there is a sharp peak(s) which grows as T
decreases. The familiar phonons of the CuO2 planes are readily seen in the reflectivity.
The corresponding Kramers–Kronig-derived σ1(ω) plot in figure 3 shows highly
unexpected charge dynamics. There develops an intense asymmetric structure located at
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Figure 2. Reflectivity spectra for x = 0.063, 0.07, 0.09, and 0.11 at various temperatures. Top to
bottom: T = 8 K (black), 16 K (blue), 24 K (cyan), 30 K (magenta), 50 K (orange), 100 K (dark
green), 200 K (navy), and 300 K (green). Note the common presence of the local minimum and
the development of sharp structures near ∼20 cm−1 for all the samples.
around ω ∼ 110 cm−1. This intense structure consists of a broad peak centred at ω ∼ 60 cm−1
and another stronger peak at ω ∼ 90 cm−1 as well as the ab-plane phonon modes [18]. In
addition, a new mode (ωGL) appears at ω ∼ 18 cm−1 for x = 0.063 (Tc ∼ 16 K). At low T the
ωGL ∼ 18 cm−1 mode of the x = 0.07 (Tc ∼ 20 K) sample takes over the 22 cm−1 mode (ωGH)
seen at T = 300 K (see figure 4), and below Tc a new mode (ωφL) develops at ∼16 cm−1. For
the x = 0.09 (Tc ∼ 28 K) sample, the ωGH mode is more pronounced and the development
of the new mode, ∼20 cm−1 (ωφH), is evident at T < Tc. For x = 0.11 (Tc ∼ 30 K), both
the ωGL and ωGH modes are present and the emergence of the new modes denoted as ωφL
and ωφH at T < Tc becomes much clearer. The ωφL and ωφH modes that appear only when
T < Tc are obviously related to the development of the superconducting state. These modes
are assigned as the superconducting phase collective modes due to the broken longitudinal
gauge symmetry [2]. However, at the present time it is not clear whether the assigned ωφ for
x = 0.11 are also present above Tc because their positions appear to coincide with the ripple
noise positions. The detailed discussion of the T -dependence of the oscillator strength of the
ωφ and the ωG is beyond the scope of this paper and will be reported later.
The T = 300 K σ1(ω) and ε1(ω) for the ω range between 10 and 100 cm−1 are displayed
in figure 4. From the absence of a structure in σ1(ω) at the zero crossing in ε1(ω), it is clear
that the local reflectivity minimum is the screened plasma edge of the free carriers in the CuO2
planes. Note the extremely narrow Drude-like peak inσ1(ω)with a half-width at half-maximum
 ∼ 10 cm−1 and the collective modes at ω ∼ 18 and ∼22 cm−1. Such a small  implies that
4
0 5 10 15 20 25
0
1500
3000
0 5 10 15 20 25
0
1000
0 5 10 15 20 25
0
500
1000
0 5 10 15 20 25
0
500
1000
0
4000
8000 (d)
ωφL
ωGL
ωφH
ωGH
x = 0.11
0
4000
8000 (c)
ωGL
ωφH
ωGH
x = 0.09
0
4000
8000 (b)
ωφL
ωGL
ωGH
x = 0.07
10 100 1000
0
4000
8000 (a)
ωGL
x = 0.063
σσ σσ
11 11(ω
)
(ω
)
(ω
)
(ω
) (
Ω(Ω (Ω(Ω
−
1
−
1
−
1
−
1 c
m
−
1
−
1
−
1
−
1 )) ))
Frequency (cm-1)
Figure 3. The corresponding frequency-dependent conductivity calculated from the reflectivity in
figure 2. (a) For x = 0.063 (Tc ∼ 16 K), there exists the collective mode (ωGL) at ∼18 cm−1. At
T < Tc, the 18 cm−1 peak further increases its strength due to the presence of the phase collective
mode (ωφL) at around 18 cm−1. (b) In x = 0.07 (Tc ∼ 20 K), the 22 cm−1 mode (ωGH) is stronger
than the 18 cm−1 mode (ωGL) at room temperature (see figure 4). For T < Tc, the phase collective
mode (ωφL) develops at ∼16 cm−1. (c) For x = 0.09 (Tc ∼ 28 K), the development of the phase
collective mode near 20 cm−1 (ωφH) is evident at T < Tc. (d) For x = 0.11 (Tc ∼ 30 K), the
separation among ωGL, ωφL, ωGH and ωφH become clearer (see the text). Insets: the Drude-like
tail of the σ1(ω) and its disappearance at T < Tc (black, 8 K; magenta, 30 K; orange, 50 K). Olive
curves below 10 cm−1 in the σ1(ω) plot are calculated from the Drude model using the measured
dc conductivity.
the free holes in the CuO2 planes transport charges without much dissipation in the normal
state. It is this portion of the carriers that condenses into the superfluid state as evidenced by
the disappearance of this Drude-like peak at T  Tc (see the insets in figure 3). From the
measured dc conductivity and taking  ∼ 10 cm−1, one can estimate the plasma frequency
ωp from ω2p = 60σdc to find ωp ∼ 388, 511, 542, and 612 cm−1 for x = 0.063, 0.07, 0.09,
and 0.11 single crystals respectively. Here σdc is in −1 cm−1 and  in cm−1. Comparing
the above unscreened ab-plane ωp with the screened plasma frequency ω∗p = ωp/√ε0 found
from the zero crossing in ε1(ω), ω0 via ω∗p =
√
ω20 + 
2
, we estimate the corresponding room
temperature dielectric constant ε0 ∼ 560, 880, 856, and 963 for x = 0.063, 0.07, 0.09, and
0.11 respectively. From the unscreened ωp, the known total hole concentrations, and using the
free electron mass for the free holes, we find only 0.17%, 0.25%, 0.22%, and 0.24% of the
5
Figure 4. Detailed comparison of the room temperature reflectivity with the corresponding σ1(ω)
and ε1(ω) (see the text). Red dash-dot curves below 10 cm−1 in the σ1(ω) plot are from the Drude
fits. The Goldstone mode (ωG) and the screened plasma frequency (ω∗p) are indicated with an arrow.
Note the same scale for both σ1(ω) and ε1(ω).
holes are contributing to the charge transport at room temperature for x = 0.063, 0.07, 0.09,
and 0.11 respectively.
Since all the free carrier contribution to the reflectivity is confined to ω < 20 cm−1, it is
clear that the high ab-plane reflectivity in the commonly accessed far-IR region (30–400 cm−1)
is not due to the metallic behaviour of the CuO2 planes as usually assumed but due to
the large imaginary part of the index of refraction arising from strong and rapidly varying
absorption structures. Therefore, the measured reflectivity of cuprates is now sensitive to
the angle of incidence and polarization of the far-IR [19]. This has not been a problem for
normal Drude-like metallic systems where the displacement current of the bound charges is
negligible [20, 21]. However, for the ω-range where the displacement current is dominating,
the absolute reflectivity of the sample can be higher than that of the metallic reference mirror.
This difference is sufficient to make the apparent measured reflectivity in reference to a metallic
mirror exceed unity as often seen in the alkali halide crystals in the region between the transverse
and longitudinal phonon modes. At the 8◦ angle of incidence, we found no difference between
the normal state far-IR reflectivity measured with the π polarization and that measured with
the σ polarization.
We point out that the σ1(ω) below 100 cm−1 displayed in figure 3 do not resemble any
of the previously published normal state far-IR data [12, 18, 22–26] even though the presence
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of the intense electronic structure at ω ∼ 110 cm−1 is evident in their superconducting state
σ1(ω). The primary source of this problem lies in the experimental limitation on the angle of
incidence when the reflectivity was measured. This is now particularly important for cuprates.
For example, at the 15◦ angle of incidence [18], instead of the decreasing reflectivity from
the maximum at ω ∼ 110 cm−1 with decreasing ω as seen in this work, the reflectivity
monotonically increases to ∼0.95 at ω ∼ 50 cm−1 as if it follows the free electron behaviour.
In a case of 8◦ angle incidence [13, 14], a similar result as the present work was obtained
except for the inconsistent T -dependence. More importantly, we did not observe the change
in the position of the ∼110 cm−1 structure with doping as Lucarelli et al described [14, 27].
Therefore, without the correct reflectivity information below 50 cm−1, the tail on the high
frequency side of the intense structure peaked at ω ∼ 110 cm−1 can easily be misidentified as
the Drude-like tail because this structure also grows with doping [17, 18, 26].
During the course of this work we found that even increasing the angle of incidence by ∼1◦
from our minimum 8◦ angle of incidence tends to amplify the low frequency (below 50 cm−1 in
particular) spectral structures in the reflectivity to give stronger absorption structures in σ1(ω)
with the portions of their peaks being negative, which is unphysical. Even at our 8◦ angle of
incidence, the low T reflectivities for ω  15 cm−1 and at ω ∼ 150 cm−1 exceeds unity by
∼1–2%, forcing us to rescale the overall reflectivity by matching the far-IR tail below 12 cm−1
with the calculated Hagen–Rubens behaviour using the measured dc conductivity. However,
even though such scaling may decrease the magnitude of the background conductivity and the
strength of the absorption peaks, all the spectral features were preserved.
In order to self-consistently explain the above experimental observations of the massively
screened free holes (∼0.2% of the total holes) in the presence of the collective modes (ωG), we
conclude that the rest of the holes have to condense into an electronic lattice (EL) state to which
the free carriers must be coupled. Furthermore, the free holes must ‘ride’ the EL to avoid the
scattering with the phonons of the CuO2 lattice. Hence, we expect the single-particle excitation
gap (2	) in the σ1(ω) of the EL which is the condensation energy of the holes into the EL state
and the ωG which is the gapped Goldstone mode of the commensuration-pinned EL with the
underlying CuO2 lattice resulting from the strong hole–lattice interactions [28]. At the same
time, the presence of ωG gives ε1(ω) of the EL as εEL1 (ω) = εab+2EL/(ω2G − ω2)+ε1(2	) [29].
Here εab is the dielectric constant of the underlying CuO2 lattice, ε1(2	) is the single-particle
excitation contribution, and EL is defined as 2EL ≡ 4πnELe2/mEL (nEL = bound hole
density and mEL = dynamic mass of the EL).
From this εEL1 , one may estimate the dynamic mass of the bound holes in the EL state.
For instance, using εEL1 (0) = ε0 ∼ 560 and ωG ∼ 18 cm−1 and nEL ∼ 6.3 × 1020 holes cm−3
(99.8% of the holes), we find mEL ∼ 150 me (me = free electron mass) for x = 0.063 at
300 K. This small mEL implies that the long range order of the EL has already been sufficiently
developed at 300 K. For x beyond 0.063, the mode at ∼22 cm−1 begins to dominate and
develops more strongly as the doping increases (see figure 4). This new Goldstone mode must
then be associated with a different EL state. The oscillator strength of the Goldstone mode
continuously increases as T decreases below 300 K and saturates at T ∼ 200 K by reaching
the dynamic mass ∼90 me (details are not shown), indicating that the development of the long
range order of the ELs of x = 0.063 is completed at T ∼ 200 K.
As a specific finger print, the dimensionality of the EL structure determines the shape of
the single-particle excitation peak in σ1(ω). If the EL has a one-dimensional structure, the
square-root singularity in the joint density of states will produce a sharp, asymmetric peak at
ω = 2	 [29]. If it is two dimensional, then the flat density of states will give rise to a steplike
absorption structure at ω = 2	. In view of this, the σ1(ω) shown in figure 3 does not appear to
bear the signature of the one-dimensional EL. Therefore, we suggest that the EL in the LSCO
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is two dimensional in nature. Although the single-particle excitation energy gap is not clearly
seen owing to the two-dimensional nature of the EL and the presence of the intense peak at
ω ∼ 110 cm−1, we do not expect this gap to be different from that of the polycrystalline LSCO
samples (2	 ∼ 0.05 eV) [2, 3].
It is interesting to note that, despite the high crystallographic order, the degree of electronic
disorder in the single-crystalline LSCO samples is higher than that in the polycrystalline
sample. For example when soft dopants [6], such as excess oxygen atoms that are highly
mobile even below room temperature, were used in the Sr/O co-doped LSCO system, two
distinct electronic superconducting phases with corresponding sharp Goldstone modes, one at
ωGL ∼ 23 cm−1 for the Tc = 15 K phase and the other at ωGH ∼ 46 cm−1 for the Tc = 30 K
phase, were observed [2]. Comparing the polycrystalline 7% Sr-doped LSCO sample with the
Sr/O co-doped LSCO sample at p = 0.07 (Tc ∼ 26 K), it was found that the developmentof the
ωGH ∼ 46 cm−1 mode was suppressed in the absence of the soft dopants and the Tc ∼ 16 K
superconductivity results [3]. In the 7% Sr-doped LSCO single crystal, the corresponding
Goldstone modes now appear at ωGL ∼ 18 cm−1 and ωGH ∼ 22 cm−1 (see figures 3 and 4)
and the superconducting transition occurs at T = 20 K. However, these modes seen in single-
crystalline LSCO are much sharper than those observed in polycrystalline samples.
Judging from the lower frequencies and multiplicity of the Goldstone modes, we suggest
that the ELs in single-crystalline LSCO are in a random disorder state due to the randomly
dispersed hard dopants [4] that would inhibit the development of the preferred ELs. Therefore,
a variety of lower order two-dimensional ELs may possibly be inter-woven in LSCO single
crystals. The extremely broad structure developed at around ω ∼ 40 cm−1, which appears to
be contributed by the modes at around ω ∼ 30 and ∼40 cm−1 lumped together with the broad
structure at ω ∼ 60 cm−1, reflects the influence of such electronic disorder. Furthermore,
the smaller fraction of the free carriers in the 7% Sr-doped single-crystalline LSCO (0.25%)
than that found in the corresponding polycrystalline sample (0.43%) suggests the presence of
incomplete ELs caused by the more electronic disorder in the single-crystalline samples.
The physical origin of the absorption structure peaked at ω ∼ 110 cm−1 needs to be
clarified. This mode results from the contributions of the broad peaks at ω ∼ 60 and ∼90 cm−1
and of the phonon modes at ω ∼ 100 and ∼120 cm−1. The relatively weak and sharp
∼120 cm−1 mode, which is one of the well known ab-plane Eu modes, is present on top of the
strong doping-induced Eg symmetry mode at ∼100 cm−1 [18]. The oscillator strength of the
doping-induced Eg mode at ω ∼ 100 cm−1 increases with the doping and also with decreasing
T . In the EL model, the broad peaks at ω ∼ 60 and ∼90 cm−1 are due to the optical transition
from the ground state of EL to the state generated by the free carriers coupled to the EL and
another from the free hole state to the excited EL state [2, 3]. However, Dumm et al [12]
suggested the ∼110 cm−1 mode as the structure due to the carrier localization peak while
Lucarelli et al [14] interpreted this mode as the collective mode of the charge stripes whose
frequency depends on doping.
4. Summary and conclusion
Based on our detailed far-IR studies of the LSCO single crystals, the ab-plane charge dynamics
can be understood as a composite system consisting of a small fraction of free holes that move
on the EL formed by the rest of the holes. Our composite charge model provides a natural
physical basis for some salient properties pertaining to the cuprates. For instance, assuming
a square EL, this composite picture naturally explains the experimental observation that only
∼20% of the holes participate in the superconducting condensate at optimum doping [3]. In the
normal state, this small free carrier concentration can easily account for the observed unusual
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c-axis transport [30]. This charge model, in contrast to the recent theoretical discussions of the
gossamer superconductivity within the resonating-valence-bond picture [31], also provides a
natural experimental foundation for the gossamer nature of the high Tc arising from the small
superfluid density nF.
We emphasize that the existence of free carriers and their transport are innately coupled
to the underlying EL in this charge model unlike the common CDW system where the normal
carriers are decoupled from the CDW condensate [32]. Our proposed charge model, if proven
to be true, will place severe constraints on the microscopic model of the theory of high Tc
superconductivity and serve as one of the fundamental building blocks for the interpretation
of all the previous experimental observations.
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